TLR activation on CD11c + DCs triggers DC maturation, which is critical for T cell activation. Given the expansion of CD11c + DCs during the progression of atherosclerosis and the key role of T cell activation in atherogenesis, we sought to understand the role of TLR signaling in CD11c + DCs in atherosclerosis. To this end, we used a mouse model in which a key TLR adaptor involved in DC maturation, MYD88, is deleted in CD11c + DCs. We transplanted bone marrow containing Myd88-deficient CD11c + DCs into Western diet-fed LDL receptor knockout mice and found that the transplanted mice had decreased activation of effector T cells in the periphery as well as decreased infiltration of both effector T cells and Tregs in atherosclerotic lesions. Surprisingly, the net effect was an increase in atherosclerotic lesion size due to an increase in the content of myeloid-derived inflammatory cells. The mechanism involves increased lesional monocyte recruitment associated with loss of Treg-mediated suppression of MCP-1. Thus, the dominant effect of MYD88 signaling in CD11c + DCs in the setting of atherosclerosis is to promote the development of atheroprotective Tregs. In the absence of MYD88 signaling in CD11c + DCs, the loss of this protective Treg response trumps the loss of proatherogenic T effector cell activation.
Introduction
In atherosclerosis, the subendothelial retention and modification of apolipoprotein B-containing lipoproteins drives a chronic inflammatory response characterized by activation of both the innate and adaptive arms of the immune system (1) . This inflammatory response contributes to the expansion of the atherosclerotic plaque and eventually to the creation of necrotic lesions capable of triggering acute atherothrombotic cardiovascular events (2) . A major component of the innate response involves the entry of monocytes into nascent lesions, followed by differentiation of monocytes into macrophages and CD11c + cells with DC-like properties (3) . Lesional monocyte-derived DCs, and possibly conventional DCs, can link innate and adaptive immunity, because, upon exposure to TLR ligands, DCs mature and present antigen to and activate naive T cells. T cell activation is further promoted by the production of T cell-activating cytokines, such as IL-12, by the TLR-activated DCs (4) .
Different classes of T cells have different effects on atherogenesis (5) . For example, studies in mice have provided evidence that Th1 cells are atherogenic (6) , while Th2 cells and Tregs are atheroprotective (5, 7) ; the role of Th17 is still unclear (8, 9) . Thus, the net effect of DC-mediated T cell activation on atherogenesis would depend on the type(s) of T cells that is activated in the environmental and antigen context of atherosclerosis. Most mouse studies in which DCs have been depleted or disabled show a decrease in atherosclerosis, suggesting that a major role of DCs is activation of proatherogenic T effector (Teff) cells (10) (11) (12) (13) . On the other hand, a recent study showed that deletion of Flt3, which results in defective development of conventional DCs, a decrease in lesional CD103 + DCs, and a systemic decrease in Tregs, is associated with an increase in atherosclerosis (14) . While these studies have provided important information in this new area of research, major gaps in our understanding of the role of DCs in atherosclerosis remain. Most notably, we have only very limited information on the molecular and cellular mechanisms by which DC manipulations affect specific atherogenic processes. Filling in these gaps of knowledge is not only important for furthering our understanding of the role of the immune system in atherogenesis but also has direct implications for new "DC-vaccine" strategies that take advantage of DC-mediated Treg activation to suppress atherogenesis (15, 16) .
In this context, we present the results of a study using what we believe to be a new, global approach to interrogate the role of CD11c + antigen-presenting cells in atherosclerosis. Using a bone marrow transplantation strategy, we reconstituted atherosclerosis-prone Ldlr -/mice with marrow isolated from Cd11c-Cre + Myd88 fl/fl (Cre + ) mice. In these mice, CD11c + cells lack the TLR adaptor MyD88, which decreases their ability to activate Teff cells (17) . Contrary to what might have been predicted (18) , these mice show a surprising increase in lesion size and monocyte infiltration. The mechanism of increased atherosclerosis in the mutant mice involves suppression of Tregs, leading to an increase in the monocyte chemoattractant, MCP-1. These data establish that the dominant role of mature CD11c + DCs in atherosclerosis is the promotion of Treg development, which in turn suppresses the monocyte inflammatory response.
Results
CD11c-MyD88 deficiency suppresses DC maturation and T cell activation under hypercholesterolemic conditions. We first validated the usefulness of the model in suppressing DC maturation in a nonatherosclerosis setting. Cre + mice or control Cd11cCre -Myd88 fl/fl (Cre -) mice were injected with the TLR9 activator CpG, and splenic CD11c + cells were analyzed for signs of DC maturation. We found a significant decrease in the expression levels of DC maturation markers CD86 and CD40 in the cells from Cre + mice, consistent with defective DC maturation (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI64617DS1). To study the effect of CD11c-targeted MyD88 deletion in a model of LDL-driven atherosclerosis, we trans-planted bone marrow from Cre + or Cremice into lethally irradiated male Ldlr -/mice, and 6 weeks later the mice were placed on an atherogenic Western-type diet (WD) for 10 weeks. As in the CpG model, the Cre + -transplanted Ldlr -/mice showed a significant decrease in the percentage of splenic CD11c + cells expressing CD86 and CD40 ( Figure 1A and Supplemental Figure 2 , A-C). No significant difference was observed between the 2 groups of mice in the percentage distribution of CD11c + , F4/80 + , or CD3 + cells in the spleen (Supplemental Figure 2D ), suggesting that MyD88 deletion in CD11c + cells does not alter the relative distribution of DCs, macrophages, or T cells in the spleen. Since DC maturation and antigen presentation result in the differentiation of naive T cells to effector/memory T cells, we measured the relative distribution of naive and effector T cells in the spleens of these mice. Consistent with suppression of DC maturation in the Cre + mice, there was a significant increase in the numbers of naive T cells, as reflected by the increase in the naive/effector T cell ratio in the spleen ( Figure 1B ). As a further confirmation of suppression of DC maturation, we measured the mRNA of cytokines expressed by mature DCs and activated T cells and found a significant decrease in the levels of Il12, Il10, and Ifng mRNA in the Cre + mice ( Figure   1C ). In contrast, there was no significant difference in Tgfb mRNA or the percentage of Tregs in the spleens of Cre + -transplanted Ldlr -/mice ( Figure  1 , C and D). These data demonstrate that deletion of MyD88 in CD11c cells suppresses splenic DC maturation and Teff cell activation in the setting of hypercholesterolemia.
One hypothesis for the presence of activated T cells in atherosclerotic lesions is DC-mediated presentation of antigens to T cells in peripheral lymph nodes and perhaps the lesions themselves (5, 19) . As shown in Figure 2A, analysis of aorta-draining iliac lymph nodes demonstrated that the naive/effector T cell ratio was significantly higher in the Cre + mice and the percentage of Tregs was lower, while the total T cell numbers were unaffected (data not shown). We next determined whether DC maturation and T cell activation were suppressed in the atherosclerotic lesions of the Cre + mice. Note that the CD11c hi regions, but not the CD11c lo regions, showed a loss of Myd88 mRNA (Supplemental Figure 3B ). As in the spleen, there was a significant decrease in the number of CD11c hi cells expressing the DC maturation marker CD83 in the aortic root lesions of Cre + mice, indicating suppression of DC maturation within the atherosclerotic plaque ( Figure 2B and Supplemental Figure 4 ). We next compared total CD3 + T cells, T cell subsets based on their unique mRNA signatures, and mRNA levels of T cell-derived cytokines in the aortic root lesions of Creand Cre + Ldlr -/mice fed the Western diet for 10 weeks. Cre + lesions were found to have a striking decrease in total CD3 + cells (Supplemental Figure 12 ) as well as decreases in the major T cell subsets, namely, Th1 (Tbx21, also known as Tbet) and Th17 (Rorc) cells, which have been shown in several studies to promote atherosclerosis, and Th2 (Gata3) and Treg (Foxp3) cells, which are thought to be atheroprotective ( Figure 2 , C and D). We further confirmed by flow cytometric analysis of aortic cells that the percentage of aortic Tregs (CD4 + CD25 + FoxP3 + ) was decreased in the Cre + mice ( Figure 2E ). Consistent with this finding, the mRNA for cytokines secreted by these cells or that maintain them, including Il12, Tnfa, Ifng, Il2, and Il10, was also suppressed in the Cre + lesions ( Figure 2F ). Note that CD3 + cells sorted by FACS from the Creand Cre + lesions showed identical expression of Myd88 mRNA (Supplemental Figure 5 ), indicating that these findings were not due to MyD88 deficiency in the T cells themselves. Consistent with these in vivo findings, in vitro culture of ovalbumin-specific (ova-specific) OT-II naive T cells with ova-loaded mature Cre + bone marrow-derived DCs revealed deficient Teff cell and Treg generation (Supplemental Figure 6 ). Moreover, the defect in Teff cell and Treg development could be rescued by exogenous costimulation of T cells with anti-CD28 antibody treatment, which is consistent with the defect being due to defective maturation-dependent costimulation by Cre + DCs.
CD11c-MyD88 deficiency promotes atherosclerosis and lesional accumulation of myeloid-derived cells. The CD11c-MyD88-deficient model presents a unique opportunity to assess the net effect of DC-mediated T cell activation on atherogenesis, particularly given that the lesional T cell and cytokine profile is altered in a manner that could either suppress or promote atherogenesis. Despite a number of previous studies implicating a proatherogenic role for DC-mediated T cell activation (11, 12, (20) (21) (22) , CD11c-targeted MyD88 deletion led to an increase in aortic root cross-sectional lesion area and in en face Oil red O-positive area in the thoracic aorta ( Figure 3 , A and B). Note that there were no significant differences in the plasma cholesterol, triglyceride, and levels of VLDL, LDL, and HDL cholesterol between the 2 groups of mice (Figure 3 , C-E), indicating that the larger lesions in the Cre + mice cannot be explained by alterations in plasma lipoprotein levels. To address whether the increase in lesion area was due to increased cellularity of the lesions, we quantified the number of CD11c lo F4/80 + cells (macrophages), CD11c hi cells (DCs), and smooth muscle cells. The data show a significant increase in the numbers of both macrophages and DCs in the Cre + lesions, while the smooth cells were unaffected ( Figure 3F ).
Because plaque macrophages and the majority of plaque DCs are derived from circulating monocyte precursors (14) , we wondered whether the increased cellularity was due to enhanced monocyte recruitment into the lesions of Cre + mice. To test this possibility, we used a previously described method of labeling monocytes with fluorescent beads and then tracked their appearance in atherosclerotic lesions (23) . We first confirmed that the bead labeling efficiency of blood monocytes was similar between the 2 groups of mice (data not shown). Analysis of lesions by fluorescence microscopy revealed a significant increase in the number of bead-labeled cells in Cre + lesions compared with that in Crelesions, suggesting increased monocyte recruitment ( Figure 4A ). This finding was not associated with a difference in the peripheral blood monocyte count or an alteration in the relative distribution of Ly6C hi and Ly6C lo monocyte subsets ( Figure 4 , B and C). Moreover, there was no significant difference in the endothelial expression of two key monocyte adhesion molecules, VCAM-1 and Cx3cr1 (Supplemental Figure 7 , A and B). There was also no change in the expression level of Cx3cl1 (Supplemental Figure 7C ), the ligand for CX3CR1, which was shown previously to enhance monocyte recruitment in atherosclerosis (24) . However, there was a striking increase in the level of MCP1 mRNA in both CD11c hi and CD11c lo regions, demonstrating that this key monocyte chemokine is increased in both DCs and macrophages in Cre + lesions ( Figure 4D ). Moreover, the concentration of MCP-1 was significantly higher in the serum of Cre + mice ( Figure 4E ). To assess the causal relationship between the elevation of MCP-1 and lesional monocyte entry in Cre + mice, the 2 groups of mice were injected with a neutralizing antibody against MCP-1. As shown in Figure 4F , neutralization of MCP-1 blocked monocyte entry in the Cre + mice to a level equivalent to that seen in the Cremice. Thus, disruption of T cell activation in Cre + mice has a net proatherogenic effect that is caused by an increase in MCP-1-induced monocyte entry into lesions.
Tregs decrease monocyte recruitment into lesions via suppression of MCP-1. Treg numbers, which are lower in the lymph nodes and lesions of Cre + mice, have a suppressive effect on proinflammatory mediators released by myeloid cells (25) . We therefore hypothesized that the increase in MCP1 in the atherosclerotic lesions of Cre + mice was due to a loss of Treg-mediated suppression of this inflammatory process. To test this hypothesis, we depleted Tregs in WD-fed Cre -Ldlr -/mice to determine whether this could mimic the increase in MCP1 mRNA and monocyte recruitment seen in the Cre + mice. Partial Treg depletion was accomplished using anti-CD25 antibody (7, 26) 2 weeks prior to the completion of the 10-week WD feeding period. To validate the method, we show that antibody treatment resulted in approximately 75% depletion of Tregs in the spleen (Supplemental Figure 8 ) and approximately 65% decrease in lesional Foxp3 mRNA, while lesional Tbx21 mRNA, a marker of Th1 cells, was not decreased ( Figure 5A ). Moreover, Tregs are a major source of TGF-β (25) , and lesional Tgfb mRNA was also lower in the anti-CD25-treated mice. As predicted by the hypothesis, the lesions of antibody-treated mice had an increase in lesional MCP1 mRNA and an increase in monocyte recruitment into the lesions ( Figure 5B ).
We then conducted the converse experiment to determine whether adoptive transfer of Tregs could block the increase in MCP1 and monocyte recruitment in Cre + mice. Based on previous studies showing that transfered natural Tregs (nTregs) isolated from the spleen could traffic to specific inflammatory sites (27) , splenic Tregs were isolated from CD45.1 C57BL/6J WT mice (Supplemental Figure 9A ) and injected into WD-fed CD45.2 Cre + Ldlr -/mice. CD45.1 + cells were detected within the atherosclerotic lesions as well as in the adjoining adventitia in mice adoptively transferred with Tregs (Supplemental Figure 9B ). Most importantly, there was a significant increase in the expression level of Foxp3 and Tgfb, and, as predicted by the hypothesis, a decrease in MCP1 mRNA ( Figure 5C ) and monocyte recruitment ( Figure 5D ). Previous in vitro studies have demonstrated that LPS-induced MCP-1 secretion by macrophages is suppressed by TGF-β through Smad3-dependent inhibition of AP-1 binding to the MCP1 promoter (28, 29) . Thus, one possible mechanism for the decrease in lesional MCP1 in the Cre + lesions could be defective TGF-βmediated suppression of MCP1. Although causation studies to test this hypothesis will require a future project combining the models in this study with those having defective TGF-β action, we sought to determine here whether TGF-β action might be defective in Cre + lesions. Indeed, Tgfb mRNA was substantially lower in DC-rich (CD11c hi ), macrophage-rich (CD11c lo ), and smooth muscle cell-rich (sm-actin + ) regions of atherosclerotic lesions of Cre + mice ( Figure 6A ). This result, combined with the previous data from the Treg models ( Figure 5 ), suggests that Tregs and/ or other cells stimulated by Tregs are the major cellular source of TGF-β in lesions. Consistent with the mRNA data, TGF-β protein levels in the lesional extract were significantly lower in the Cre + lesions ( Figure 6B ). The activity of TGF-β is tightly controlled by several processes, including its secretion, as well as cleavage from latency-associated peptide, which maintains TGF-β in an inactive form (30) . The data in Figure 6B are for latent TGF-β, while the activated form was below the limit of detection of the ELISA assay. This finding is consistent with previous studies demonstrating difficulty in measuring the active form in vivo, presumably due to its low levels or short half-life (31) . We therefore tested the "bioactivity" of TGF-β in lesions by assaying the expression of 3 TGF-βresponsive smooth muscle cell genes, Col1a1, Col3a1, and Egr1, in sm-actin + regions of the lesions. The mRNA levels of all 3 genes were significantly decreased in the lesions of Cre + mice ( Figure  6C ). Thus, Cre + lesions have diminished TGF-β mRNA, protein, and target gene expression. Furthermore, blocking TGF-β action in WD-fed Ldlr -/mice by injecting an anti-TGF-β neutralizing antibody resulted in significant upregulation of MCP1 mRNA in the extracts obtained from the intima of atherosclerotic lesions of these mice ( Figure 6D ). This result, combined with the decrease in TGF-β in the Cre + lesions and the aforementioned MCP1 gene regulation studies (28, 29) , provides a plausible explanation for the increase in lesional MCP1 expression and monocyte recruitment in the lesions of Cre + mice.
Discussion
In the context that atherogenesis is driven by a chronic, maladaptive inflammatory response, the identification of DCs in the atherosclerotic plaques of humans (32-34) and mice (3, 10, 11, 14, (20) (21) (22) 35) has been of tremendous interest due to the potent antigen-presenting capacity of DCs and their ability to activate T cells. However, different T cell subsets can either promote or suppress atherogenesis, and thus the net effect of DC-mediated T cell activation in the setting of atherosclerosis is perhaps the most important question in this critical area of research. In this study, we show that, although MyD88-mediated maturation of CD11c + DCs is necessary for the full activation of both Teff cells and Tregs in lesions and lymph nodes, the net effect is Treg-mediated suppression of atherogenesis ( Figure  7) . The mechanisms involve the expected effects of Tregs in terms of suppression of proinflammatory Teff cells and macrophages, but we also reveal another key mechanism in which Treg-induced TGF-β suppresses MCP-1. In that regard, the data support an important and fundamental concept, namely, that the well-known role of Tregs in adaptive immunity, i.e., through suppression of T cell activation, is complemented by an innate immune function involving suppression of monocyte/macrophage influx and activation.
A number of previous studies have used various manipulations to perturb DC function in mouse models of atherosclerosis. In a few of these studies, direct effects on atherogenesis could not be discerned because the manipulations affected plasma cholesterol levels (10), which was not the case in the Cre + model used here.
Other studies restricted monocyte entry using CX3CR1-deficient mice (21) or inhibited monocyte differentiation into DCs using GM-CSF-deficient mice (11) or restricted DC egress from lesions using CCR7-deficient mice (36) . In all these mouse models, atherosclerosis was deceased, not increased as in the Cre + model, suggesting a proatherogenic role for DCs. However, deletion of CX3CR1, GM-CSF, or CCR7 suppresses other processes that influence atherosclerosis, such as monocyte recruitment (3), inflammation (37), and T cell trafficking (36), respectively.
Previous reports have indicated that MyD88 signaling in macrophages is proatherogenic (38, 39) . Thus, deletion of MyD88 in CD11c-expressing macrophages in atherosclerotic lesions (13) could potentially decrease lesional inflammation and thus suppress atherosclerosis. If this were the case, the data herein would indicate that the proatherogenic effects of MyD88 depletion in CD11c + DCs are dominant over the potentially antiatherogenic effects of MyD88 depletion in CD11c + macrophages. Although distinctions between DCs and macrophages based on cell-surface markers are difficult to make due to the pleiotropic nature of the markers used and monocyte plasticity (3, (40) (41) (42) , we found that lesional CD11c hi cells had a cytokine profile more similar to that of splenic DCs than to that of splenic macrophages (data not shown). Moreover, the clearance of lesional apoptotic cells (efferocytosis) by CD11c hi cells in plaques was not affected by deletion of MerTK, which is an efferocytosis receptor used by macrophages, including lesional macrophages, but not by DCs (43, 44) (data not shown). In the end, the key issue is the functional attributes of monocyte-derived cells, which in the context of this study is the ability of CD11c + cells to alter the T cell profile of atherosclerotic lesions through MyD88-dependent antigen presentation and cytokine production.
Various models have provided evidence that nTregs and those induced by exogenous antigen treatment are atheroprotective (7, 14, 22, (45) (46) (47) (48) . As a proof-of-concept restoration experiment, we
Figure 5
Evidence that MyD88 deficiency in CD11c + cells abrogates Treg-mediated suppression of MCP-1 and monocyte recruitment in the lesions of WD-fed Ldlr -/mice. (A) WD-fed Ldlr -/mice transplanted with bone marrow from Cremice were injected with anti-CD25 IgG to deplete Tregs or with control IgG. Two weeks later, the mRNA levels of the indicated targets were assayed in LCM-captured RNA obtained from CD11c lo regions of atherosclerotic lesions. The data were normalized to the expression level of Gapdh mRNA (n = 5 mice per group). (B) Quantification of the number of fluorescent bead-labeled cells per section in control and Treg-depleted Cremice (n = 3 mice per group). (C and D) Tregs were adoptively transferred into WD-fed Ldlr -/mice transplanted with bone marrow from Cre + mice (Treg AT); as a control (Con), the mice were injected with the Treg vehicle. Two weeks later, lesions were quantified for the indicated mRNA levels (n = 5) and for bead-labeled monocytes as above (n = 3). For all panels, *P < 0.05.
showed that adoptive transfer with nTregs can reverse the MCP-1/ monocyte phenotype of the Cre + mice. Whether nTregs are more or less important than "inducible" Tregs (iTregs) in the endogenous setting of atherosclerosis is not known. However, our finding that blocking DC maturation leads to a functionally important Treg defect in the endogenous setting of atherosclerosis might possibly suggest a role for iTregs activated by endogenously stimulated DCs. This possibility is based on the finding that DC-mediated activation of nTregs requires much less antigen than DC-mediated induction of iTregs from naive T cells, which has led to the suggestion that nTreg activation is not as dependent on DC maturation as induction of Tregs from naive T cells (49, 50) . Consistent with this possibility, splenic nTregs were not altered in the Cre + model. In the end, it is difficult to distinguish nTregs from iTregs (51) , and future studies will be needed to determine whether there are endogenous antigen(s) that might be involved. Previous studies using exogenous antigens have suggested that two proteins found in atherosclerotic lesions, apolipoprotein B-100 (16) and Hsp60 (45, 48) , might be involved in Treg activation, but evidence in the endogenous situation is lacking.
This study is also distinguished by its identification of a specific mechanism that links DC-mediated Treg activation with protection from atherosclerosis. Tregs have the ability to suppress Teff cell activation as well as exert inhibitory action on macrophages, DCs, and vascular endothelial cells by either direct cell-cell contact or by secreting effector cytokines such as TGF-β and IL-10 (52, 53) . As depicted in Figure 7 , our data support a model in which DC-mediated Treg activation suppresses monocyte recruitment via decreasing the levels of monocyte chemokine MCP-1, probably in a TGF-βdependent manner. Moreover, Treg-induced TGF-β may further enhance the antiinflammatory and antiatherosclerotic response through direct actions of TGF-β on DCs themselves (54) . IL-10, another major Treg-secreted atheroprotective cytokine (55), was lower in both the spleens and lesions of the Cre + mice. However, Treg depletion and adoptive transfer of Tregs, which are associated with changes in MCP1 mRNA levels, did not show significant changes in Il10 mRNA expression (Supplemental Figure 10 ), suggesting that IL-10 does not directly regulate MCP-1 expression in lesions.
This study raises a number of intriguing questions for future studies. For example, is DC-mediated T cell activation occurring in draining lymph nodes, followed by T cell homing to lesions, or might there also be DC/T cell activation occurring in the lesions themselves? A recent study demonstrated productive interaction of CD4 + T cells with CD11c hi cells in the vascular wall of atherosclerotic lesions ex vivo, suggesting that lesional CD11c hi DCs could activate T cells in the atherosclerotic lesions in vivo (19) . In this context, we observed decreased Treg numbers not only in aorta-draining iliac and mediastinal lymph nodes of Cre + mice, but also in the nondraining inguinal lymph nodes (Supplemental Figure 11 ). These data raise the interesting possibility that systemically circulating antigens such as oxidized lipids may also be involved in activating the adaptive immune system in atherosclerosis. Another question that warrants further investigation is how MyD88 signaling in DCs affects advanced atherosclerosis progression, because deficient MyD88 signaling in CD11c hi cells was associated with a decrease in procollagen mRNA synthesis (Figure 6C) as well as a decrease in intimal collagen content (data not shown), which can be a marker of plaque stability when observed in human atheromata (56) . In this regard, immunoneutralization of TGF-β in Apoe -/mice was shown to promote the development of collagen-poor advanced plaques (57) .
In summary, we have provided evidence that endogenous MyD88-mediated DC activation and maturation is atheroprotective through the generation of Tregs. The findings provide new insight into how the critical crossroads of adaptive and innate immunity affect atherosclerosis. Moreover, the insight gained from this study may help inform the design of DC-mediated antiatherosclerosis vaccines and other therapeutic strategies that take advantage of the atheroprotective action of Tregs and their cytokines (15, 45, 48, 58, 59) .
Methods
Generation of chimeric mice, diets, and lipid analysis. The CD11cCre (stock 008068) and MyD88 floxed mice (stock 008888) were obtained from The Jackson Laboratory on a C57BL/6J background. These 2 strains of mice were bred in the animal facility of Columbia University to generate Cre + and Cremice. 8-week-old male Ldlr -/mice (stock 002207, The Jackson Laboratory) were lethally irradiated (10 Gy), and their bone marrow was reconstituted by transplanting marrow cells isolated from 8-week-old Creor Cre + mice. 6 weeks after irradiation and bone marrow transplantation, the mice were fed a high-fat, high-cholesterol WD (TD 88137, Harlan Teklad) ad libitum for 10 weeks. At the end of the study, the mice were fasted overnight, weighed, anesthetized using isoflurane, and euthanized. Blood samples were collected from the left ventricle for cellular and lipid analysis. Total plasma cholesterol was measured using the Cholesterol E Kit from Wako, and plasma triglycerides were measured using the L-Type Triglyceride M Color B Kit from Wako. For measurement of the lipoprotein profile, plasma samples were fractionated by fast-performance liquid chromatography on a Superose 6 column at a flow rate of 0.2 ml/min, and the cholesterol content of each fraction was determined using a commercially available kit (Wako). All mouse protocols were approved by the Columbia University Institutional Animal Care and Use Committee.
Aortic root atherosclerotic lesion analysis. After euthanizing each mouse, the heart and the arterial tree were perfused with saline. The aortic root was placed in OCT medium and was immediately frozen. Using a cryomicrotome, sections were cut serially at 8-μm intervals, starting from the aortic sinus, and mounted on slides. For lesion area analysis, the sections were stained with eosin and hematoxylin, and the intimal lesion area was quantified by averaging measurements from 6 sections 50 μm apart using a Nikon Labophot 2 microscope and Image Pro Plus image analysis software.
En face Oil red O staining and analysis. The thoracic aorta was dissected from the heart and surrounding tissues and the adventitial fat tissue was cleaned and incubated overnight in 10%-buffered formalin. The aorta was then splayed open longitudinally under a dissecting microscope and pinned to silicone-coated plates, and Oil red O staining was performed. Images were acquired, and Oil red O-positive area was analyzed by applying a color threshold in Adobe Photoshop.
Immunochemistry, flow cytometry, and microscopy. Subcellular analysis of peripheral blood wbc, splenocytes, and lymph node cells was performed by immunochemistry using fluorophore-conjugated primary antibodies against CD4, CD25, CD115, and FoxP3 (all from eBioscience) and Ly6C/G, CD11c, F4/80, CD3, CD62L, CD44, CD40, CD83, CD86, and MHC II (all from BD Biosciences). The samples were analyzed on a FACS-Calibur flow cytometer equipped with a 488-nm and a 543-nm laser. Immunohistochemistry on aortic root sections was performed by fixing the frozen sections in ice-cold acetone and then labeling with unconjugated primary antibodies against CD11c, F4/80, and CD3 (all from BD Biosciences); VCAM-1 (R&D Systems); sm-actin (Sigma-Aldrich); and CD45.1 (eBioscience) followed by fluorophore-conjugated secondary antibody. The stained sections were viewed using an Olympus IX 70 fluorescence microscope, and the images were analyzed using ImageJ.
Laser capture microdissection, RNA amplification, and RT-qPCR. Aortic root sections were stained for CD11c or sm-actin as described above. Using these images as a guide, CD11c hi , CD11c lo , and sm-actin + regions were marked in the next serial section, and those regions were selectively subjected to laser capture using a PALM laser capture microdissection (LCM) machine. RNA was isolated using the RNeasy Micro Kit (Qiagen). Linear amplification of the RNA was performed using the MessageAmp II aRNA Kit (Ambion). The purity of the obtained RNA was estimated by measuring absorbance at 260 and 280 nm using a NanoDrop (Thermo Scientific). RNA with an A260/280 of >1.8 was used for cDNA synthesis. cDNA conversion of the amplified RNA was performed using the SuperScript VILO cDNA Synthesis Kit (Invitrogen). qPCR was performed in an 7500 Real-Time PCR system (Applied Biosystems) using SYBR green chemistry. Specific primers used were as follows: IL-12 p40 (5′-CCTGCATCTAGAGGCTGTCC-3′ / 5′-GGCAAACCAGGAGATGGTTA-3′); TNF-α (5′-CATCTTCT-CAAAATTCGAGTGACAA-3′ / 5′-TGGGAGTAGACAAGGTACAACCC-3′); IFN-γ (5′-GCGTCATTGAATCACACCTG-3′ / 5′-TGAGCTCATTGAAT-GCTTGG-3′); IL-10 (5′-CATGGGTCTTGGGAAGAGAA-3′ / 5′-AACTGGC-CACAGTTTTCAGG-3′); TGF-β (5′-GGACTCTCCACCTGCAAGAC-3′ / 5′-GACTGGCGAGCCTTAGTTTG-3′); IL-2 (5′-AAGCTCTACAGCGGAAG-CAC-3′ / 5′-ATCCTGGGGAGTTTCAGGTT-3′); GATA3 (5′-GTCATCCCT-GAGCCACATCT-3′ / 5′-AGGGCTCTGCCTCTCTAACC-3′); Tbet (5′-GGT-GTCTGGGAAGCTGAGAG-3′ / 5′-GAAGGACAGGAATGGGAACA-3′); FoxP3 (5′-TCTTGCCAAGCTGGAAGACT-3′ / 5′-GGGGTTCAAG-GAAGAAGAGG-3′); IL-17A (5′-TCTCTGATGCTGTTGCTGCT-3′ / 5′-AGGAAGTCCTTGGCCTCAGT-3′); RORγT (5′-AAGCTGAAGGCAGA-GACAGC-3′ / 5′-TGTTCTGGTTCCCCAAGTTC-3′); CX3CR1 (5′-GGA-GACTGGAGCCAACAGAG-3′ / 5′-CCTGATCCAGGGAATGCTAA-3′); MCP-1 (5′-CCCCACTCACCTGCTGCTACT-3′ / 5′-TTTACGGGTCAACTT-GACATTC-3′); ColA1 (5′-GTTCGGGGCTGATGTACCAGT-3′ / 5′-GAGCG-
Figure 7
Schematic showing the mechanism of atheroprotective action of Tregs. In atherosclerosis, mature DCs activate both Teff cells and Tregs. This study suggests that the atheroprotective effect of Tregs dominates. Tregs exert their atheroprotective action via suppression of Teff cells and inflammatory macrophages (Mφs), and they suppress monocyte recruitment by decreasing MCP-1 production in a TGF-β-dependent manner.
T Cell Isolation Kit (Miltenyi Biotech). Two weeks prior to the end of the experiment, 10 6 purified Tregs per mouse were injected i.v. into 8-week WD-fed CD45.2 Cre + mice. The control mice received an equal volume saline injection. The number of splenic Tregs and CD45.1 + Tregs was determined by flow cytometry.
Immunoneutralization of TGF-β and MCP-1. Creand Cre + mice were injected i.v. with 100 μg neutralizing anti-MCP-1 or anti-TGF-β antibody (R&D Systems) on days 1, 3, and 8 prior to end of the 10-week WD feeding period. Control mice received IgG antibody.
In vitro Teff cell and Treg generation from naive T cells. Bone marrow cells were isolated from Creand Cre + mice and differentiated to DCs by culturing them with 10 ng/ml GM-CSF and 10 ng/ml IL-4 for 7 days. These bone marrow-derived DCs were loaded with ova and treated with or without 5 μg CpG to induce DC maturation. Naive T cells (CD44 lo CD62L hi ) were sorted from splenocytes of OT-II transgenic mice that express a T cell receptor specific for Ova323-339 peptide. These naive T cells, which were >95% pure, were coincubated with the ova-loaded DCs at a ratio of 1:5. Certain groups were treated with anti-CD28 antibody (2 μg/ml) to provide exogenous costimulation to T cells. 72 hours later, the cells were harvested and immunostained with fluorophore-conjugated antibodies against CD4, CD44, CD62L, CD25, and FoxP3 and analyzed by flow cytometry.
Statistics. The data displayed are mean ± SEM. The n numbers are indicated for each experiment in the figure legends. Comparison of mean values between groups was analyzed using Student's t test or Mann-Whitney U test. P values of less than 0.05 were considered significant. GAGAGTACTGGATCG-3′) ColA3 (5′-GACCTCGTGCTCCAGTTAGC-3′ / 5′-ACCAAAAGGTGATGCTGGAC-3′); MyD88 (5′-CACCTGTGTCT-GGTCCATT-3′ / 5′-AGGCTGAGTGCAAACTTG-3′); Egr-1 (5′-CCACAA-CAACAGGGAGACCT-3′ / 5′-ACTGAGTGGCGAAGGCTTTA-3′).
Aortic cell preparation and flow cytometry. Aortic single cell preparation was conducted as described previously (60) . Briefly, whole aorta was dissected from adjoining tissues, and the adventitial fat was cleaned. The aorta was then dissected and incubated with a digestion buffer containing 125 U/ml collagenase type XI, 60 U/ml hyaluronidase type I-s, 60 U/ml DNase1, and 450 U/ml collagenase type I in PBS containing 20 mM HEPES at 37°C for 1 hour. The released cells were then stained with primary and secondary antibodies and analyzed by flow cytometry. To estimate the efficiency of recovery of leukocytes from the aorta, the Cd45 mRNA levels were quantified by real-time RT-qPCR of RNA extracted from the released aortic cells versus the residual aortic tissue, and these numbers were then compared with Cd45 mRNA obtained from known numbers of peripheral blood leukocytes (60) . The estimated recovery was >80%.
Fluorescent bead labeling of Ly6C hi monocytes. To track newly recruited monocytes in atherosclerotic lesions, the Ly6C hi subset of monocytes was labeled with fluorescent beads as described previously (23) . Briefly, 96 hours before the end of study, the mice were injected i.v. with 250 μl clodronate-containing liposomes (http://clodronateliposomes.org/ashwindigital.asp?docid=26) to deplete monocytes. 48 hours later, the mice were injected with 250 μl of a 1:4 dilution of 1 μm Fluoresbrite Plain YG microspheres (Polysciences). 48 hours after this injection, the mice were euthanized, and peripheral blood samples were analyzed by flow cytometry to quantify the efficiency of bead labeling of Ly6C hi monocytes. The heart and aortic tissues were processed as described above. The newly recruited bead-labeled monocytes in the atherosclerotic lesions were visualized by fluorescence microscopy and quantified using ImageJ.
MCP-1 and TGF-β ELISA assays. ELISA assays for serum MCP-1 and TGF-β were performed using commercially available kits (Mouse CCL2 [MCP-1] ELISA Ready-SET-Go and Human TGF-β1 ELISA Ready-SET-Go [second generation]; eBioscience) as per manufacturer's instructions. For measurement of nascent TGF-β in atherosclerotic lesions, 6 sections per mouse were homogenized in a lysis buffer containing 0.5% Triton X-100, 150 mM NaCl, 15 mM Tris, 1 mM CaCl2, and 1 mM MgCl2, pH 7.4. The homogenates were then treated with 1 N HCl for acid activation of latent TGF-β and then neutralized with 1 N NaOH prior to ELISA per the manufacturer's instructions.
Antibody-mediated depletion of Tregs. Two weeks prior to the end of the study, appropriate groups of mice were injected i.p. with 25 μg anti-CD25 antibody (clone PC61, BD Biosciences) or control IgG antibody (7) . The efficiency of Treg depletion was monitored by assaying Treg numbers in the spleen and iliac lymph nodes by flow cytometry.
Adoptive transfer of Tregs. Tregs were isolated from the spleens of 8-weekold CD45.1 C57BL6/J mice by MACS using the CD4 + CD25 + Regulatory
